on board Envisat, respectively, for the time period of 1996-2006 have been used to identify major NO 2 emission hot spots, trends, and seasonal cycle over different regions of India. Emission hot spots are observed over the locations of thermal power plants and over major urban and industrial regions. A multifunctional regression model has been used to analyze the trends and seasonal cycle over these emission hot spots. Increasing trends of $1.65 ± 0.52% a À1 have been observed for NO 2 over India. The fast growing industrial regions of Mumbai and Delhi show increasing trends of $2.1 ± 1.1 and $2.4 ± 1.2% a À1 , respectively. Seasonal variations of tropospheric NO 2 concentrations show a maximum during winter-summer (December-May) and a minimum during the monsoon seasons (June-September). The observed seasonal cycle in satellite-derived NO 2 agrees well with the surface-level observations of NO X .
Introduction
[2] Nitric oxide (NO) and nitrogen dioxide (NO 2 ), together known as nitrogen oxides (NO X ), play a crucial role in the production of ozone via photochemistry, especially over the tropics. Because of high insolation and water vapor levels, the tropical environment has a high oxidizing efficiency and, therefore, plays an important role in the removal of greenhouse gases and air pollutants. NO X has significant natural and anthropogenic sources. Sources of NO X are located close to the surface, with the exception of aircraft emissions and lightning production. Because of a relatively short chemical lifetime, its regional distribution is strongly controlled by its emission and the tropospheric NO 2 observed from space is dominated by the amount in the boundary layer. Accurate estimates of its emission are critical to our understanding of ozone pollution, secondary aerosols formation and biogeochemical cycling of nitrogen.
[3] NO X emissions from point sources, especially coalburning power plants, are found to lead to O 3 exceedances in the northeast United States. Kim et al., 2006 ; available at http://capita.wustl.edu/otag]. Recent studies on tropospheric NO 2 columns retrieved from the measurements of the satellite instruments Global Ozone Monitoring Experiment (GOME) and Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY) [Leue et al., 2001; Richter and Burrows, 2002; Martin et al., 2002; Richter et al., 2005] have highlighted the intense pollution over industrialized regions [Beirle et al., 2003; Wang et al., 2004; van der A et al., 2006] , emissions from biomass burning and soil [Jaegle et al., 2004 [Jaegle et al., , 2005 , and NO X production from lightning [Boersma et al., 2005; Martin et al., 2007] . Similarly, Richter et al. [2005] have investigated the temporal changes in the global tropospheric NO 2 pattern and inferred the changes in NO X emissions from 1996 to 2004; van der A et al. [2006, 2008] used combined GOME and SCIAMACHY measurements to map the spatiotemporal and seasonal variation of NO 2 over China and on a global scale. Large increases in NO X emissions from China have been predicted as a result of the rapidly growing economy and the concurrent increase in fossil fuel consumption, industry and traffic [Wang et al., 2004; Richter et al., 2005; van der A et al., 2006] .
[4] Looking at Asia, India is the second largest energy consumer and contributor of various emissions [Akimoto, 2003] . There is considerable variability in India's regional distribution of population [India Office of the Registrar General and Census Commissioner, 1992] and energy consumption [Garg et al., 2001; Gadi et al., 2003] . Rapid industrialization, urbanization, and traffic growth in India over the past two decades is believed to be responsible for increasing emissions of gaseous pollutants [Akimoto, 2003] . The varying sectoral growth rates, consumption patterns, and resource endowments in India have led to widely different regional and sectoral emission distributions [Garg et al., 2001 [Garg et al., , 2002 . Pockets of heavy pollution are being created by emissions from major industrial zones and megacities where vehicle numbers are rapidly increasing [Center for Monitoring Indian Economy, 1998 ]. Major sources of energy in India include coal, petroleum, biomass, nuclear power, and hydropower. Combustion of these fuels is the main source of pollution in the natural environment. Coal is the primary fuel in thermal power plants and contributes 45% of total NO X emissions in India [Garg et al., 2001] . Gasoline and diesel are the primary fuels for automobiles, and despite automobiles being mostly small and dispersed sources, transport contributes another 32% of NO X emissions [Garg et al., 2001] . The contribution of biomass burning to NO X production over India is 10-20% during March -May. Approximately 70% of all of India's coal consumption is for power generation. These plants generate almost 60% of total generated power for the nation. As a result of increasing population and urbanization, energy rates in India experience an annual growth rate of 4 -6%, which enhances the emissions of NO X and other trace gases [United Nations Environment Programme, 2002] .
[5] Long-term air quality data over the industrial locations of different Indian cities indicate that NO 2 levels are increasing steadily over major cities. Some of the cities already exceed the permissible daily limits, as high as 100 to 240 mg m À3 [Badhwar et al., 2006] . Studies based on sector analysis and measurement campaigns suggest that NO X emissions over India will increase in the coming years; however, these estimates have large uncertainties in different sectors [Carmichael et al., 1998; Garg et al., 2001; Mitra and Sharma, 2002; Sharma et al., 2002; Streets et al., 2003] . Hence, more efforts are needed to understand the spatial and temporal evolution of regional NO X emissions over India with respect to the increasing demand of energy consumptions and rapid urbanization. Local changes in NO 2 column from satellites can be assumed to be proportional to changes in local emission [Martin et al., 2003] . Therefore, data from satellites provide valuable information to identify the source regions and to study the changes in NO X emission and seasonal cycle in light of seasonal meteorology.
[6] This study is particularly important because satellites can provide observations for the whole domain of India. The number of measurement sites in India having long-term representative measurements of NO X is too small to allow for a reliable assessment of regionally resolved trends. Satellite observations have the potential to fill in this gap. Emission inventories for India have a high uncertainty. How the changes in fuel and coal consumption in India translate into changes in NO X emissions is probably even more uncertain. The present study is aimed at better understanding of this relationship. GOME (1996 -2002) and SCIAMACHY (2003 SCIAMACHY ( -2006 measurements are analyzed to identify emission hot spots, trends and seasonal variation over India. Results are compared with surface-level measurements.
Data and Method
[7] The GOME and SCIAMACHY satellite spectrometers measure backscattered light from the Earth's atmosphere in UV and visible wavelengths. The GOME instrument aboard the ERS 2 satellite was launched in April 1995. It has since taken continuous measurements of ozone and other trace gases, such as NO 2 , BrO, HCHO, or SO 2 in the wavelength range 240 -790 nm with a spectral resolution of 0.2 -0.4 nm. ERS 2 is in a sun synchronous orbit approximately 800 km above the Earth. GOME made global measurements from July 1995 to June 2003. The GOME instrument observes the atmosphere in nadir view. It crosses the equator at 1030 LT and covers the globe in three days. GOME tracks approximately north -south with an along-track resolution of 40 km. The cross-track (east -west) resolution is 320 km. Details of analysis of GOME NO 2 retrieval methods are given by Richter and Burrows [2002] .
[8] SCIAMACHY is aboard the Envisat satellite and was launched in February 2002. Since then it has measured NO 2 (wavelengths of 425-450 nm [Richter et al., 2005] ) and a number of other trace gases. Like ERS 2, Envisat flies in a sun synchronous orbit. It crosses the equator at 1000 LT in descending mode and covers the globe in six days. Resolution of SCIAMACHY is approximately 30 km along track (north -south) and 60 km cross track (east -west).
[9] The local overpass time of GOME (1030 LT) and SCIAMACHY (1000 LT) is close enough to avoid systematic differences in their time series [van der A et al., 2006] . Richter et al. [2005] and van der A et al. [2006] have shown that the bias between both data sets is smaller than the minimum error (0.5 Â 10 15 molecules cm
À2
) in the data and, therefore, the bias can be neglected.
[10] Vertical tropospheric NO 2 columns are obtained in two steps. First, slant column densities of NO 2 are computed by BIRA-IASB on the basis of the differential optical absorption spectroscopy (DOAS) approach for both GOME and SCIAMACHY [Vandaele et al., 2005] . The slant columns are then converted into vertical tropospheric columns using the combined modeling/retrieval/assimilation approach of Royal Netherlands Meteorological Institute (KNMI) which includes the subtraction of the stratospheric slant column and computation of the tropospheric air mass factor [Boersma et al., 2004] . The NO 2 stratospheric column is obtained from a chemical transport model (TM4) assimilation run of the NO 2 slant column data. Subsequently, the tropospheric slant column is obtained from the total column by subtracting the stratospheric slant column. Conversion from tropospheric slant column to vertical column is done with the air mass factor [Boersma et al., 2004] . The final monthly girded NO 2 column data set is available on the TEMIS project Web site (http://www.temis.nl) with a horizontal resolution of 0.25°Â 0.25°between 90°N and 90°S. In this study the observations with a cloud fraction less than about 0.2 have been used to derive the linear trend.
[11] In this study, we used the monthly averaged GOME and SCIAMACHY data within the domain 5°-40°N and 65°-100°E, which includes the whole of India. GOME tropospheric NO 2 retrievals cover the period from March 1996 to December 2002 and SCIAMACHY data cover January 2003 to December 2006.
[12] We use a regression model to detect trends and seasonal cycle [Randel and Cobb, 1994; Ziemke et al., 1997] . The general expression for the regression model equation can be written as follows:
[13] The model uses a harmonic expansion for a and b to account for a possible seasonal dependence of these coef-ficients. The harmonic expansion for a(t), for example, is given as
where A0, A1, A2 are constants, w = 2p/12, t is month (t = 1 for July 1995, the first month considered), and a(t) and b(t) are the time-dependent 12-month seasonal and trend coefficients, respectively. Resid (t) represents the residues, or noise. Error estimates are according to Neter et al. [1985] which can be represented by the following expression:
Here s 2 (A 0 ) and s(A 1 , A 2 ) etc. are variance-covariance estimates of the regression coefficients obtained from least squares analysis [Randel and Cobb, 1994] . The model performs multiple regression analysis of NO 2 time series over the regions of interest. Seasonal and trend coefficients are computed for regions with major industrial zones.
[14] The four seasons considered are as per the India Meteorological Department (IMD) [Ministry of Environment and Forests, 2004] : the relatively dry, cool winter from December to February; the dry, hot premonsoon or summer from March to May; the southwest monsoon from June to September when the predominating southwest maritime winds bring rains to most of the country; and postmonsoon from October to November.
Results and Discussions

Emission Hot Spots
[15] NO 2 concentrations obtained from SCIAMACHY during [2003] [2004] [2005] [2006] have been averaged for selected months of the year. Figure 1 shows the averaged concentration for December (when biomass burning is low) to identify emission hot spots over India. Typical NO 2 columns over India in December exceed 100 Â 10 13 molecules cm
À2
. High concentrations (>400 Â 10 13 molecules cm À2 ) are observed over the (1) Mumbai-Gujarat industrial corridor region, (2) Delhi region, (3) east northeastern India coal mine regions, (4) southern India, and (5) central India. For the ease of reference in the discussions that follows these regions are named as region 1, region 2, region 3, region 4, and region 5, respectively. In comparison to southern India, the number of emission hot spots is greater in northern India and the hot spots are more densely clustered. The most notable feature is that the Indo-Gangetic Plain (region 2 and region 3) shows high NO 2 concentration as well as wide spread of emission hot spots. Southern India does not seem to be a large source of emissions. A similar distribution of emission hot spots is also observed in the GOME measurements (figure not included).
[16] In order to understand the reason for the observed high NO 2 emissions over these regions, we examined the regional spread of large point sources (LPS) in India. LPS includes thermal power plants, steel plants, cement plants, industrial processes (sugar, paper, etc), fossil fuel extraction, Garg et al. [2002] ) illustrates the distribution of these LPS over India. Most of the LPS are clustered around major urban centers. It is observed that the regional spread of high NO 2 concentrations in Figure 1a correlates well with the location of LPS. As shown in Figure 1a , observed concentrations of NO 2 have been higher in regions 1, 2, and 3 than in other parts of India. Thermal power plants, steel plants, transport, and other industrial processes are densely concentrated in these regions. Figure 1a shows individual point sources in region 5. These point sources are associated with the thermal power plants at Chandrapur and Rgundam with installed capacities of $2300 and $2200 MW, respectively. Since, these points are far from large urban centers and other industrial sources the high NO 2 columns here are clearly due to emissions from the thermal power plants. In order to see the impact of power plant emissions on NO 2 columns in a more quantitative way, Figure 2 presents NO 2 column amounts versus installed capacity for grid cells containing thermal power plants. Only power plants in rural areas were considered to minimize the influence from other sources. Figure 2 suggests a close correspondence between NO 2 column amounts and installed capacity (r = 0.93) with an increase of roughly 1.4 Â 10 13 molecules cm À2 GW
À1
.
[17] Observed high NO 2 concentrations over the IndoGangetic (IG) region (region 2 and 3) can be attributed to high anthropogenic activity. Figure 3 shows the distribution of population density over India during 2001 (data available at http://www.censusindiamaps.net/page/India_WhizMap/ IndiaMap.htm). The population density is highest over IG region. Over this highly populated region agricultural activity is also high and coal and wood burning for domestic cooking is common in all the seasons. Biomass burning, consisting of mostly crop remnants, occurs primarily from January to May [Galanter et al., 2000] . In addition to this, there are large point sources densely clustered near Delhi, along the eastern coal belt, and uniformly spread around the rest of the IG region [Garg et al., 2002; Dalvi et al., 2006] . Included among the emission sources scattered over the entire IG region are coal-based thermal power plants, steel, sugar, and other small and medium industries (several of which use coal as fuel), fossil fuel extraction (coal mining, crude oil production, natural gas production, etc.) and open burning of litter and biofuels used for domestic cooking [Garg et al., 2001 [Garg et al., , 2002 Dalvi et al., 2006] . All these sources lead to observed high NO 2 column amounts over IG region. High population density is also observed over regions 1 and 4 ( Figure 3 ) where observed NO 2 column amounts are also high. Although population density in the coastal area of region 4 is high observed NO 2 column amounts are comparatively low over this region. The observed low NO 2 column amounts in this part may be attributed to number of factors. NO 2 emission at the coastal area of region 4 may be largely from vehicular emissions since industrial sources are less (not densely clustered). Also, this part is humid which may enhance photolysis of NO 2 .
[18] We see that the regional spread of overall LPS emissions observed in Figure 1b has a close correspondence with coal and petroleum consumption patterns in India as reported by Reddy and Venkataraman [2002] . From a subregion emission inventory for India, Garg et al. [2001] has also shown that there is close correspondence between coal and petroleum consumption pattern of India and SO 2 and NO 2 emissions. These results agree well with our analysis of satellite observations in Figure 1a , which suggests a close association between the locations of LPS and NO 2 hot spots. The regional distribution of NO X emissions over India as reported by Garg et al. [2001] and Beig and Brasseur [2006] is quite similar to the distribution of NO 2 observed in the present study obtained from SCIAMACHY measurement. However, few minor differences are observed between NO 2 distribution obtained in the present study and NO 2 distribution reported by Garg et al. [2001] and Beig and Brasseur [2006] . These differences may be due to the fact that the inventory presented by Beig and Brasseur [2006] is over the gird of 1°Â 1°and inventory reported by Garg et al. [2001] is for the subregions (district) of India. While, NO 2 distribution obtained in the present study are over 0.25°Â 0.25°. From model simulations, Beig and Ali [2006] also reported NO X distribution over India. This model simulation shows the high NO X concentration over the IG region, which is in broad agreement with the SCIAMACHY measurement. However, small-scale geographical variations (e.g., high NO X amounts over other LPS regions (hot spots) are not observed in the simulated results probably because of the much coarser resolution of the model ($1.8°Â 1.8°) as compared to our satellite data (0.25°Â 0.25°). Since model resolution is coarser than the satellite observations, it may not have captured the large point sources (LPS).
Trends in Tropospheric NO 2
[19] Combined GOME (March 1996 to December 2002) and SCIAMACHY (January 2003 to December 2006 measurements are used to analyze trends over India and the emission hot spot regions. Monthly mean tropospheric NO 2 columns are averaged over the major emission hot spot regions to obtain the time series. These time series are then subjected to the multifunctional regression model. Monthly trend coefficients obtained from the model (for a region) are then averaged to get a single annual trend coefficient. Similarly, corresponding monthly two-sigma error values are averaged to get a single annual two-sigma error estimate.
[20] Annual trend coefficients are obtained separately for regions 1 -5 and the complete region of India (8 -35°N, 70-95°E). Trend fits obtained from the model over these regions are shown in Figure 4 , which clearly shows increasing trends over all the regions. Trends are significant at two-sigma error levels over all the selected regions. Region 1 shows an increasing trend of 2.1 ± 1.1% a À1 , region 2 shows 2.4 ± 1.2% a
À1
, region 3 shows 1.57 ± 0.87% a À1 , region 4 shows 1.38 ± 1.2% a
, region 5 shows 1.24 ± 1.1% a
, and India as a whole shows 1.65 ± 0.52% a
. Observed increase was highest over regions 1 and 2 and lowest over region 5. The regions with the highest trends (regions 1 and 2) correspond to the regions where industrial processes are densely clustered and industrial activity is growing rapidly. Figure 5 shows distribution of percentage decadal growth (1991 -2001) of population over India. It shows that growth in region 1, 2, and 3 is $25-50% which is high as compared to regions 4 and 5 (10 -25%). As seen from Figure 3 , the regions 1, 2, and 3 are densely populated. Hence, high anthropogenic activity may lead to high observed trends over these regions. Although region 4 is densely populated, percentage decadal growth is moderate hence observed trends over this region are comparatively small. Region 5 is moderately populated and percentage growth is also moderate hence trends are comparative less. Although Figure 5 shows that percentage growth of population is very high (30 -50%) over parts of Rajasthan and Jammu-Kashmir, population density (Figure 3 ) over these regions is very low. Hence, observed NO 2 column amounts are low over these regions. It is interesting to note that the growth in region 3 is smaller than growth in regions 1 and 2 despite a large number of emission hot spots located in region 3 (Figures 1a and 1b) . This is probably due to the slow growth in industrial and transport activities in this region as compared to regions 1 and 2, which are the economic centers of India.
[21] The number of vehicles in India is growing by about 5% a
, with two-wheeled vehicles comprising 76% to the total vehicular population (available at www.siamindia.com). The transport activities are more evenly distributed across the country and are more concentrated in and around the large urban and industrial centers. Most of the urban regions are densely populated (as seen in Figure 3 ). In the work by Dalvi et al. [2006] vehicle population in India was directly related to urban population. It can therefore be assumed that transport activities are more evenly distributed across the country than industrial activities and that they are concen-trated in and around the large urban and industrial centers. Large increases in vehicular population, industrial, and economical activity in these regions have been observed in the last decade which lead to an increase in various types of emissions [Garg et al., 2001; Dalvi et al., 2006] . In the work by Badhwar et al. [2006] it is observed that NO 2 concentrations in Delhi (in region 2) are growing at a rate of 3.8% a
, while vehicular growth is 5.7% a À1 [Badhwar et al., 2006] .
[22] Many thermal power plants have become operational in the last two decades, which are consuming coal for electricity generation. These thermal plants are more densely clustered in regions 1, 2, and 3 than in any other part of India. A number of large power plants have inefficient operations and are without advanced emission controls, resulting in excessive emissions. Garg et al. [2001] showed that between 1990 and 1995 the emissions per unit power generated have increased in some large thermal power plants indicating reduction in performance. This may also be partly contributing to the increase in NO 2 emission in the regions where large numbers of big thermal power plants are clustered (regions 1, 2, and 3). The recent bottom-up inventory studies by Dalvi et al. [2006] and Beig and Brasseur [2006] showed that NO X emissions from India increased by $22% (2.2% a À1 ) during the 1991 -2001 period, which is in agreement with the present study. The EDGAR and POET global inventories reported that increase in total NO X surface emissions is $46% during the 1991 -2001 period over the Indian region [Beig and Brasseur, 2006] . Garg et al. [2001] obtained trend of about 5.5% a À1 during the 1990 -1995 period with a substantial heterogeneity. However, from a recent bottom-up inventory estimates Garg et al. [2006] reported trends of $4.4% a À1 during the 1985-2005 period, which are slightly lower than estimates of Garg et al. [2001] . These trend values are much higher than trends reported in the present study. The reason for disagreement may be that Garg et al. [2001 Garg et al. [ , 2006 have deduced trends from bottom-up inventory (which aggregates fuel combustion data and emission factors), whereas the present study has deduced trends from satellite observations. India's emission inventories are thought to be quite uncertain, because of the lack of accurate statistics and emission factors [Garg et al., 2006] . It is even more uncertain that how the changes in fuel and coal consumption in India translate into changes in NO X emissions.
[23] It is possible that the observed trend in NO 2 concentration is enhanced by a trend in aerosol, a change in lifetime of NO 2 or a change in NO 2 /NO X ratio; van der A et al. [2006] suggested that the effect of scattering aerosol on the derived trend in NO 2 can be neglected. Further, Boersma et al. [2004] showed that satellite derived cloud fractions are also sensitive to aerosols having a high single scattering albedo. Therefore, an increase in cloud fraction due to higher concentration of aerosols leads to a similar air mass factor correction for aerosols as would be accomplished through a direct radiative transfer calculation with- out cloud correction. So, if there would be a distinct trend in scattering aerosols over India, its effect on NO 2 slant columns would be compensated by increased cloud fraction. Richter et al. [2005] reported that GOME data do not indicate a systematic trend in reflectance. In work done by Boersma et al. [2004] , it was observed that chances of finding appreciable change in NO 2 slant columns from strong increases in absorbing aerosols are small. Hence, we do not expect an appreciable effect of changes in scattering or absorbing aerosols over India on our trend results. There is no evidence from measurements for a change in OH concentration sufficient to describe observed changes in the lifetime of NO 2 and thereby retrieved tropospheric NO 2 column [Richter et al., 2005] . Variation of the ratio of NO 2 to NO can lead to an apparent increase of NO 2 at constant NO X . Richter et al. [2005] showed that by increasing emissions over Asia by 60%, the 12-monthaveraged NO 2 /NO X ratio increases by about 5%. This is significantly lower than the NO 2 changes observed during the 1996 -2006 period in the present study. Thus, the observed increase in NO 2 over major industrialized regions of India may be due to significant increases in emissions from increased industrial and economic activity in India.
Seasonal Variation in Tropospheric NO 2
[24] In order to study the seasonal cycle, a seasonal coefficient a(t) has been calculated from the area averaged time series using the regression model. Figure 6 shows the seasonal cycle over the emission hot spot regions and India. Monthly distributions of seasonal coefficients vary over the 13 and 400 Â 10 13 molecules cm À2 over regions 1 -5 and varies in between 130 and 240 Â 10 13 molecules cm À2 over India. Over all the regions, NO 2 concentrations are low during monsoon season and high during winter-summer season.
[25] Figure 7 shows the regional distribution of averaged NO 2 concentrations obtained from SCIAMACHY during the winter, summer, monsoon, and postmonsoon seasons. In general, NO 2 concentrations vary between 200 and >450 Â 10 13 molecules cm À2 during winter, summer, and postmonsoon seasons, while during the monsoon season NO 2 concentrations are as low as 100 Â 10 13 molecules cm
À2
. A reasonable gradient of NO 2 concentration has been observed between the southern part and the northern plain (IG region) of the Indian subcontinent. NO 2 sources over the IG basin are more densely clustered than over any other region leading to the highest NO 2 column amounts in India over the northern plain.
[26] The large seasonal variation in NO 2 can be explained by three factors: the seasonal variation of the lifetime of NO X in the boundary layer [Kunhikrishnan et al., 2004] , related variation in meteorological conditions, and also possibly the seasonal variation of biomass burning over India. Seasonality is mainly linked to the chemistry of the hydroxyl radical (OH) and the photolysis frequency of NO 2 . The primary source of OH radicals is the photolysis of O 3 and other species, such as nitrous acid (HONO) and aldehydes. During monsoon season a higher actinic flux leads to high OH production rates (because of the higher water vapor concentration through monsoon circulation) [Wang and Jacob, 1998; Jacob, 2003] . The primary loss processes of NO 2 include the reaction of NO 2 with OH to form HNO 3 as well as conversion to organic reservoir species [Jacob, 1999] . Physical loss occurs by wet deposition [Crutzen and Lawrence, 2000] and by dry deposition processes [von Kuhlmann et al., 2003] .
[27] Figures 8 and 9 show the distribution of climatological temperature and precipitation during four seasons, respectively. During the dry winter season both temperature and precipitation are low all over India. A lower actinic flux during this season [Pant and Rupa Kumar, 1997] results in a lower NO 2 photolysis frequency and OH radical production rate (also because of low water vapor content), which reduces the photochemical loss of NO 2 and increases the lifetime [Beirle et al., 2003] . It can be seen that (Figures 6  and 7 ) in most regions of India high NO 2 column amounts are found according to the expected winter maximum. Higher NO 2 concentrations (>450 Â 10 13 molecules cm À2 ) are also observed over the LPS regions. [28] Figures 8 and 9 show that precipitation is low and temperatures are high during dry summer (premonsoon) season. Also, a higher actinic flux [Pant and Rupa Kumar, 1997] is found during this season and, therefore, NO 2 column amounts are expected to decrease. However, observed NO 2 column amounts are high over most of the regions (Figures 6 and 7) . In the Indian region biomass burning occurs mainly from January to May, peaking in March to May, and maximum emission of NO X from biomass burning are estimated to occur during this period [Galanter et al., 2000; Venkataraman et al., 2006] . Therefore, in spite of the expected short lifetime of NO X in summer emission from biomass burning may be contributing in the high NO 2 column amount observed over most of the India. Another reason could be the soil NO X emission. Yienger and Levy [1995] suggested that soil emissions mainly occur from agricultural ground and grasslands, and contributes to total NO X budget. Soil NO X emissions are temperature-dependent, soil-dependent, and precipitationdependent. A higher surface temperature leads to more soil NO X emissions; however, contribution is much less than anthropogenic emissions. Since canopy also reduces the soil NO X emissions, canopy-covered regions such as tropical forest show much less emissions [van der A et al., 2008] . Therefore, soil NO X emission may also be partly contributing in the high NO 2 column amount observed during summer season.
[29] During the monsoon season, no biomass burning activity is observed [Venkataraman et al., 2006] , temperatures are high (but less than premonsoon) and precipitation (Figures 8 and 9 ) is highest all over India. Mean annual total rainfall over the land regions in India is dominated by monsoon rainfall. Southwest monsoon circulation transports moisture and clean air from the ocean over India. During this period, the strong actinic fluxes are found [Pant and Rupa Kumar, 1997] which results in a NO 2 loss by photolysis. Also large physical loss of NO 2 by wet deposition can occur during the heavy monsoon rainfall. Several studies reported that the total wet deposition depends mainly on the precipitation amount [Beverland et al., 1998; Paramee et al., 2005] . All these factors contribute to low NO 2 column amounts over India during monsoon season (Figures 6 and 7) .
[30] Low precipitation, temperature (Figures 8 and 9 ), and reduced solar radiation [Pant and Rupa Kumar, 1997] during postmonsoon season reduces loss of NO 2 by pho- tolysis, OH chemistry, and wet deposition. Therefore, NO 2 column amounts are increased after the monsoon season. Enhanced NO 2 concentrations are observed to the west of Delhi region. This may be due to large crop waste burning activity taking place in this region during October-November [Venkataraman et al., 2006] .
[31] Figure 7 shows that NO 2 column amounts are lower over southern India than over northern India. This may be due to a number of factors: in this region the number of large point sources, amount of biomass burning and vehicular population are small compared to northern India [Naja and Lal, 2002] . From Figure 8 it is evident that during all the seasons, the southern part of India is comparatively hotter and humid (which will lead to high OH concentrations) than the northern part. Therefore, photolysis of NO 2 in this region will be enhanced, which results in the low NO 2 amounts. This may be another factor for less NO 2 amounts observed over this region.
[32] Figure 10 shows a comparison between the surfacelevel observations of NO X obtained from IR NO X analyzers and tropospheric NO 2 concentrations derived from the satellite measurements over regions 1 and 2. The surface NO X measurements are taken from the available point measurements at a suburban site, Pune in region 1, and an urban site (megacity), Delhi in region 2. The seasonal variation in the satellite observed tropospheric column NO 2 over regions 1 and 2 is found to be in agreement with the surface measurements, which demonstrates well the ability of the satellite to detect pollution within the boundary layer. Both the satellite and surface-level observations show a pronounced seasonal variation in NO 2 concentration, with a minimum during the monsoon season and a maximum during winter. Since the lifetime of NO X is longer in winter, maximum NO 2 concentrations are observed in winter [Beirle et al., 2003] . However, in region 2, a secondary maximum is observed during April -May. It can also be seen that, in region 3, NO 2 concentrations are high during winter and summer seasons.
[33] In order to understand the observed peak of NO 2 concentrations in regions 2 and 3, lightning flashes measured by Optical Transient Detector (OTD) were obtained from the Web site http://thunder.msfc.nasa.gov/otd/. Figure 11 shows the number of lightning flashes measured by the OTD over regions 1 -5. A significant increase in number of flashes is observed in the month of April in region 2 and in the months of March and April in region 3. Edwards et al. [2003] and Boersma et al. [2005] estimated that the maximum contribution (of about 0.4 Â 10 15 molecules cm À2 ) through lightning to the tropospheric NO 2 column is strongest in the tropics. Since, the surface measurements over region 2 also show a secondary maximum during April -May and as the impact of lightning NO X on surface NO X is expected to be small, lightning may not be a major contributor to high NO 2 concentration. Therefore, observed high NO 2 concentrations in regions 2 and 3 during summer may be due to both lightning and biomass burning, with a major contribution could be from biomass burning.
Conclusions
[34] GOME and SCIAMACHY measurements of tropospheric NO 2 concentration during the 1996 to 2006 period have been used to identify major emission regions, trends and seasonal cycles over India. The geographical distribution of the emission hot spots are observed at the location of large point sources (thermal power plants, large urban and industrial regions). High NO 2 concentrations have been observed over the densely populated region (e.g., IG region). High NO 2 concentration has also been observed in the industrial regions such as Mumbai-Gujarat industrial corridor (region 1), the Delhi region (region 2) and the east and northeastern India coal mine regions (region 3). The satellite observations clearly detect high NO 2 column amount over the individual thermal power plants having large installed capacity. The regional distribution of NO 2 concentration observed over India in the satellite measurements is quite similar to the distribution of NO X sources from bottom-up inventories [e.g., Garg et al., 2001; Beig and Brasseur, 2006] and shows a close correspondence with fossil fuel combustion patterns of India. This demonstrates that satellite measurements can be used to identify the large emission hot spots (hardest hit regions) in India in order to mitigate the causes of pollution. While, the satellite observations presented here demonstrate the regional distribution of NO 2 emissions over India, they also indicate that satellite measurements are able to measure the increase of tropospheric NO 2 concentration. The trend deduced from multifunctional regression analysis shows a significant increasing trend of 1.65 ± 0.52% a À1 over India. The Mumbai-Gujarat industrial corridor (region 1) shows an increasing trend of 2.1 ± 1.1% a
À1
, Delhi region (region 2) shows 2.4 ± 1.2% a
, the east and northeastern India coal mine regions (region 3) shows 1.57 ± 0.87% a
, southern India (region 4) shows 1.38 ± 1.2% a
, and central India (region 5) shows 1.24 ± 1.1% a
. The observed highest increasing trends (regions 1 and 2) are over fast-growing industrial urban regions and may be due to increasing population, economic, industrial, and transport activities. Both the emission inventory data and the satellite observations indicate a continuous growth over India. However, the growth rate estimated from the subregion emission inventory presented by Garg et al. [2002 Garg et al. [ , 2006 and estimates by coarser global inventories like EDGAR and POET over Indian region are higher than from the satellite observations. Our study suggests that a joint analysis of the inventory and the satellite-based observations would help to identify the uncertainties.
[35] The seasonal variation of NO 2 was studied in connection with seasonal patterns in surface temperature and precipitation. The seasonal cycles typically show a NO 2 maximum during winter and summer time, and a minimum during the monsoon season. The seasonal variation of satellite derived NO 2 measurements agrees well with the surface-level measurements of NO X which also shows a NO 2 maximum during winter and summer time. As there is enhanced biomass burring activity in India during the summer period, the high summer concentration is attributed largely to biomass burning and partly to soil emission.
Reduced NO 2 concentrations during monsoon season are attributed to advection of moist clean air mass, heavy precipitation, strong actinic fluxes, and enhanced levels of OH radicals (because of high water vapor content). This results in a large loss of NO 2 through photochemical reactions and by physical loss wet deposition. Thus monsoon system plays an important role in the seasonal variation in NO 2 concentrations over India.
